Exchange of information between the nucleus and cytosol depends on the metabolic state of the cell, yet the energy-supply pathways to the nuclear compartment are unknown. Here, the energetics of nucleocytoplasmic communication was determined by imaging import of a constitutive nuclear protein histone H1. Translocation of H1 through nuclear pores in cardiac cells relied on ATP supplied by mitochondrial oxidative phosphorylation, but not by glycolysis. Although mitochondria clustered around the nucleus, reducing the distance for energy transfer, simple nucleotide diffusion was insufficient to meet the energetic demands of nuclear transport. Rather, the integrated phosphotransfer network was required for delivery of high-energy phosphoryls from mitochondria to the nucleus. In neonatal cardiomyocytes with low creatine kinase activity, inhibition of adenylate kinase-catalyzed phosphotransfer abolished nuclear import. With deficient adenylate kinase, nucleoside diphosphate kinase, which secures phosphoryl exchange between ATP and GTP, was unable to sustain nuclear import. Up-regulation of creatine kinase phosphotransfer, to mimic metabolic conditions of adult cardiac cells, rescued H1 import, suggesting a developmental plasticity of the cellular energetic system. Thus, mitochondrial oxidative phosphorylation coupled with phosphotransfer relays provides an efficient energetic unit in support of nuclear transport. E fficient communication between the cytosol and nucleus is essential in cellular homeostasis, regulating proper processing of genetic and metabolic information. Central in nucleocytoplasmic exchange is the transport of macromolecules across the nuclear envelope (1, 2), a multistep process that initially proceeds by signal-mediated recognition of the macromolecule to be transported, following by docking events and, ultimately, translocation through nuclear pores (1-5). In energy-depleted cells, molecules that are actively transported into the nucleus, such as the constitutive chromatin protein histone H1, tend to accumulate on the cytosolic surface of the nuclear membrane (2, 4). While formation and docking of the transported protein, complexed with a transport receptor, may be energy-independent, the actual translocation and accumulation of molecules in the nuclear compartment against a concentration gradient may, however, require an energy source (4).
fficient communication between the cytosol and nucleus is essential in cellular homeostasis, regulating proper processing of genetic and metabolic information. Central in nucleocytoplasmic exchange is the transport of macromolecules across the nuclear envelope (1, 2), a multistep process that initially proceeds by signal-mediated recognition of the macromolecule to be transported, following by docking events and, ultimately, translocation through nuclear pores (1) (2) (3) (4) (5) . In energy-depleted cells, molecules that are actively transported into the nucleus, such as the constitutive chromatin protein histone H1, tend to accumulate on the cytosolic surface of the nuclear membrane (2, 4) . While formation and docking of the transported protein, complexed with a transport receptor, may be energy-independent, the actual translocation and accumulation of molecules in the nuclear compartment against a concentration gradient may, however, require an energy source (4) .
Energy-consuming enzymes, including nucleoside triphosphatases, are associated with the nuclear envelope, and their activity is stimulated in the presence of the transported substrate (6, 7) . Underscoring the energetic cost of nuclear transport, receptor cycling and continued signal processing mandate catalytic conversion of the guanine nucleotide-binding protein Ran from Ran-GTP to Ran-GDP, which is accomplished by the RanGTPase and the subsequent regeneration of GTP (1, 2) . Yet, transport of macromolecules across the nuclear envelope that can proceed in an apparently energy-independent manner also has been reported (8, 9) . This observation was, however, made in single-round in vitro experiments in the presence of an ATP͞GTP regenerating system, such as the creatine kinase͞creatine phosphate system, which supports energy-dependent processes even at very low residual nucleotide levels (10) . In fact, when trace amounts of ATP were eliminated with apyrase, nuclear transport did not proceed (11) . Thus, although nuclear transport is sensitive to alterations in cellular metabolic state, the energy dependence of nuclear transport remains controversial, and energy-supply pathways remain unknown (2, 4, (11) (12) (13) (14) (15) .
Recently, the importance has been demonstrated of enzymatic phosphotransfer reactions catalyzed by creatine kinase and͞or adenylate kinase in energy delivery from mitochondria to ATPutilization sites and in regulating ATP-sensitive cellular components (10, (16) (17) (18) (19) (20) (21) (22) . Here, we present evidence that in intact cells, mitochondrial oxidative phosphorylation and catalyzed phosphotransfer are both essential in providing energy and maintaining proper nucleotide ratios in support of active nuclear transport.
Methods
Microinjection of Fluorescent Macromolecules. Hearts of 1-to 2-dayold rats were digested with collagenase II (0.5 mg͞ml) and pancreatin (0.15 mg͞ml) in 116 mM NaCl͞20 mM Hepes͞1 mM NaH 2 PO 4 ͞5.5 mM glucose͞5.4 mM KCl͞0.8 mM MgSO 4 ͞0.6 ml/liter phenol red, pH 7.35. Isolated cardiomyocytes were purified by using a two-layer Percoll gradient (4, 14) , plated on laminincoated coverslips, and cultured in a serum-containing medium (37°C, 5% CO 2 ). Forty-eight hours after plating, cells were transferred to DMEM at 37°C and supplemented with 0.5% BSA͞10 mM Hepes, pH 7.5͞20 mM butanedione monoxime. Cytosolic injections of purified and fluorescein-isothiocyanate labeled histones H1 or 10-kDa dextrans were carried out with a nanometerprecision microinjector unit (5242, Eppendorf) coupled to a micromanipulator (5171, Eppendorf) mounted on a fluorescence microscope (Axiovert 100, Zeiss). To this end, pipettes were filled with a prewarmed (37°C) injection buffer (150 mM KCl͞1 mM Pipes͞0.1 mM EDTA͞0.025 mM EGTA, pH 7.2) containing 0.07 mg͞ml H1 or 5 mM 10-kDa dextrans. Microinjection quality was confirmed by comparing cellular fluorescence intensity to a dilution standard of carboxyfluorescein-dextran in intracellular buffer (4) . Injection volume did not exceed 1-2% of the cell volume.
Quantitation of Nuclear Transport. Microinjected cardiac cells were placed in 116 mM NaCl͞4 mM KCl͞2 mM MgCl 2 ͞2 mM NaH 2 PO 4 ͞4 mM NaHCO 3 ͞21 mM Hepes͞1 mM CaCl 2 , pH 7.4 at 37°C and were imaged by laser confocal microscopy (410, Zeiss) using 40ϫ (1.3 N.A.) or 63ϫ (1.4 N.A.) objectives. The thickness of the optical sections was set at 1-2 m to discriminate fluorescence emitted from nuclear vs. nonnuclear regions. Fluorescent probes were excited (at 488 nm) by using an argon-krypton visible laser (Omnichrome), and the emission envelope was collected by using a 510-nm pass dichroic beam splitter and a 515-nm pass emission filter. Two-dimensional confocal images (512 ϫ 512 pixels) were acquired by scanning a field at 16 s per frame. Fluorescence intensity per unit area in the nucleus vs. cytosol was determined by using the ANALYZE software (Mayo Foundation). For nuclear fluorescence, the value was obtained from the total nuclear area. For cytosolic fluorescence, an area surrounding the nucleus and This paper was submitted directly (Track II) to the PNAS office.
Abbreviations: FCCP, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone; DOG, 2-deoxyglucose.
equivalent to the nuclear area was used. Nuclear accumulation was expressed as the ratio of nuclear over cytosolic fluorescence (4, 14) .
Nucleotide Levels and Enzymatic Activities. Cardiomyocytes, washed with ice-cold PBS and immersed into liquid nitrogen, were layered over with 0.6 M HClO 4 ͞1 mM EDTA, homogenized, and centrifuged (Hermline Z230 MA microcentrifuge, Labnet, Bournemouth, U.K.). Supernatant was neutralized with 2 M K 2 HCO 3 , and precipitate was removed by centrifugation (14,000 ϫ g at 4°C). ATP, ADP, GTP, and GDP were determined by high performance liquid chromatography (HPLC System Gold, Beckman Coulter) using a QHR5͞5 column (Amersham Pharmacia). Nucleotides were eluted with a linear gradient of triethylammonium bicarbonate buffer (4, 20) . In addition, changes in ATP levels in intact cells were determined by measuring free Mg 2ϩ concentration using the fluorescent indicator Magnesium Green (23) . This technique, validated for assessment of ATP levels in cardiomyocytes, is based on the greater affinity of Mg 2ϩ for ATP than ADP, resulting in an increase in cytosolic Mg 2ϩ concentration upon ATP hydrolysis (23) . Activities of adenylate kinase, creatine kinase, nucleoside diphosphate kinase, and pyruvate kinase were measured in cellular extracts by spectrophotometric procedures with a spectrophotometer (DU 7400, Beckman Coulter; refs. 4 and 24) . Cells were extracted with 150 mM NaCl͞60 mM Tris⅐HCl (pH 7.5)͞5 mM EDTA͞1 mM phenylmethylsulfonyl fluoride (PMSF)͞10 g/ml leupeptin, 1 g/ml aprotinin͞0.2% Triton X-100 and centrifuged (10,000 ϫ g at 4°C). Adenylate kinase activity was determined in 100 mM K ϩ -acetate͞20 mM Hepes, pH 7.5͞20 mM glucose͞4 mM MgCl 2 ͞2 mM NADP ϩ ͞1 mM EDTA͞1 mM DTT͞2 mM ADP plus 4.5 units͞ml hexokinase and 2 units͞ml glucose-6-phosphate dehydrogenase (24) . Creatine kinase was measured in 100 mM Tris⅐acetate, pH 7.5͞20 mM glucose͞2 mM EDTA͞10 mM MgCl 2 ͞2 mM DTT͞2 mM NADP ϩ ͞2 mM ADP͞5 mM AMP͞20 mM creatine phosphate plus 20 M diadenosine pentaphosphate͞ 4.5 units/ml hexokinase͞2 units/ml glucose-6-phosphate dehydrogenase (4, 24) . Nucleoside diphosphate kinase was measured in 100 mM KCl, 50 mM Tris⅐HCl, pH 7.4͞10 mM MgCl 2 ͞0.7 mM thymidine diphosphate͞4 mM phosphoenolpyruvate plus 2 units͞ml pyruvate kinase and lactate dehydrogenase (25) . Pyruvate kinase activity was determined in media containing 50 mM imidazole (pH 7.6), 20 mM KCl, 2 mM MgCl 2 , 0.1 mM EDTA, 0.1 mM NADH, 1 mM ADP, 4 mM phosphoenolpyruvate, and 4.5 units͞ml lactate dehydrogenase (24) .
Electron Microscopy. Cardiomyocytes, fixed in 0.1 M PBS containing 1% (vol͞vol) glutaraldehyde and 4% (vol͞vol) formaldehyde (pH 7.2) were postfixed in phosphate-buffered 1% (vol͞vol) OsO 4 , stained en bloc with 2% (vol͞vol) uranyl acetate, dehydrated in ethanol and propylene oxide, and embedded in low-viscosity epoxy resin (14) . Thin (90-nm) sections were cut on an ultramicrotome (Ultracut E, Reichert), placed on 200-m mesh copper grids, and stained with lead citrate. Micrographs were taken on an electron microscope (1200 EXII, JEOL) operating at 60 kV.
Statistics. Results are expressed as mean Ϯ SEM. Statistical analysis was carried out by the Student's t test. Significant difference was accepted at the P Ͻ 0.05 level.
Results
Energetics of Nucleocytoplasmic Communication. To assess energy requirements for nuclear transport in intact cells, fluoresceintagged histone 1 (H1) was microinjected in the cytosol of neonatal cardiomyocytes and transport into the nucleus monitored by laser confocal microscopy. In control energetically competent cells, H1 was readily transported into the nucleus, as indicated by pronounced nuclear fluorescence ( Fig. 1D ), into ATP͞GTP-depleted cells did not rescue import of H1. Up to 3 mM of nonhydrolyzable analogs were introduced in this way into FCCP͞DOG-treated cells, yet nuclear transport could not proceed in the absence of a usable energy source. Although discrete steps of nuclear transport may be energy-independent (8, 9), translocation of H1 through nuclear pores seems to require ATP͞GTP generating pathways and is not supported by nonhydrolyzable nucleotide analogs.
Mitochondrial Oxidative Phosphorylation Required for Nuclear Transport. Cardiac cells rely primarily on the energy produced by mitochondrial oxidative phosphorylation (21, 26, 27) . In addition, specialized functions including ion transport across the plasma membrane can be supported by ATP generated by glycolysis (16, 28) . Although glycolytic enzymes have been identified in nuclei of several cell types where they may furnish a portion of energy requirement (28) , the contribution of glycolysis vs. mitochondrial oxidative phosphorylation to nuclear energetics has not been established. To determine the energy supply pathway(s) supporting nuclear transport, transport of H1 into the nucleus was monitored in cardiomyocytes treated with inhibitors of mitochondrial function or glycolysis ( Fig. 2A ). An uncoupler of mitochondrial oxidative phosphorylation (1 M FCCP) or a mixture of mitochondrial respiratory chain and F 0 F 1 -ATPase inhibitors (rotenone, antimycin, oligomycin, 1 g͞ml each) prevented nuclear accumulation of H1 (Fig. 2 A Top and Bottom) . Accordingly, the index of nuclear transport, the nuclear͞cytoplasmic ratio, was 0.74 Ϯ 0.04 and 0.73 Ϯ 0.10 in FCCP (n ϭ 10) and rotenone͞antimycin͞oligomycin-treated cells (n ϭ 13), significantly lower from untreated controls (P Ͻ 0.001; Fig. 2B ). Thus, even a moderate decrease in bulk levels of ATP induced by mitochondrial inhibitors (Fig. 2C ) translated into a dramatic reduction in nuclear transport (Fig. 2B) . In contrast, inhibitors of glycolysis (6 mM 2-deoxyglucose plus 0.5 mM iodacetate; DOG͞IA), reduced intracellular ATP levels (Fig. 2C ) but did not affect nuclear transport of H1 (Fig. 2 A Middle) . In DOG͞IA-treated cells, the nuclear͞cytoplasmic ratio remained at 4.28 Ϯ 0.18 (n ϭ 19), a value not significantly different from untreated cells (Fig. 2B) . Thus, intact mitochondrial oxidative phosphorylation, rather than glycolytic metabolism, is required for nuclear transport of H1. Changes in the ATP͞ADP ratio (Fig. 2C) , which parallels alterations in the cellular phosphorylation potential (26, 27) , indicate that nuclear import of macromolecules is compromised once this ratio drops below the value of 4 in FCCP͞DOG, FCCP, or rot͞anti͞oligo-treated cells, suggesting the existence of an energetic threshold required in support of nuclear transport. Values of energy charge (ATP ϩ 1͞2ADP͞ATP ϩ ADP ϩ AMP), reflecting the general energy state of a cell (27, 28) , were 0.93 Ϯ 0.12 in control vs. 0.43 Ϯ 0.08 (P Ͻ 0.001), 0.70 Ϯ 0.11 (P Ͻ 0.05), 0.86 Ϯ 0.18, and 0.84 Ϯ 0.14 in FCCP͞DOG, FCCP, IA͞DOG, and rot͞anti͞oligo-treated cells, respectively (n ϭ 6 in each experimental condition). Moreover, values of the ATP͞CrP ratio also did not correlate with inhibition of nuclear transport and were 2.66 Ϯ 0.22 in control vs. 2.57 Ϯ 0.21, 4.81 Ϯ 0.26 (P Ͻ 0.05), 3.77 Ϯ 0.18, and 5.76 Ϯ 0.24 (P Ͻ 0.05) in FCCP͞DOG, FCCP, IA͞DOG, and rot͞anti͞oligo-treated cells, respectively (n ϭ 6 in each experimental condition). Although normally functioning mitochondria and a maintained cellular phosphorylation potential seem to be a prerequisite for efficient translocation of H1 across the nuclear membrane, it was unclear why following mitochondrial inhibition remaining ATP levels were insufficient to support nuclear transport. This observation suggests a limited access for nucleotide triphosphates to nuclear pores and, ultimately, an inability to sustain proper nucleotide ratios at, and across, the nuclear envelope (14) .
Energy Supply Routes from Mitochondria to the Nucleus. Once generated by mitochondria, ATP is exported into the cytosol and distributed through the cell to maintain adequate nucleotide triphosphate pools (16, 21, 26) . Mitochondria, detected here by confocal (Fig. 3A) and electron (Fig. 3B ) microscopy, were clustered around the nucleus, indicating the high-energy requirements of nuclear processes and the necessity to keep the distance of energy transfer as short as allowed by cellular architecture. Although mitochondria surrounded the nucleus, the perinuclear zone was filled with membrane structures and proteins (Fig. 3C) , creating diffusional hindrances for energy-rich phosphoryl delivery. To reach the nuclear envelope, ATP produced by oxidative phosphorylation would have to traffic from narrow tubular mitochondrial cristae through a crowded perinuclear space. Diffusional restrictions could result in the inability to sustain local ATP͞ADP and GTP͞GDP ratios required for efficient nuclear transport. Evidence is accumulating that high-energy phosphoryl delivery can be enhanced by phosphotransfer reactions coupling mitochondrial ATPproduction with distal cellular sites of ATP-consumption (10, (16) (17) (18) (19) (20) (21) (22) 26) . Cardiomyocytes expressed a high catalytic activity of phosphotransfer enzymes, adenylate kinase, creatine kinase and pyruvate kinase (Fig. 3D) . The respective catalytic activities were 565 Ϯ 21, 191 Ϯ 12, and 158 Ϯ 19 nmol͞min͞mg protein (n ϭ 5; Fig. 3D ). It was noteworthy that, in neonatal cardiomyocytes used here, the activity of creatine kinase, which commonly plays a major role in energy transfer in adult tissue (10, 18, 22) , displayed a lower activity than that of adenylate kinase. Although adenylate kinase activity is comparable in neonatal and adult cardiomyocytes, creatine kinase activity is roughly an order of magnitude higher in adult cells (10, 18, 24) . In addition, cardiomyocytes possessed a high activity (2020 Ϯ 75 nmol͞min͞mg protein, n ϭ 5) of nucleoside diphosphate kinase, which is responsible for ATP to GTP conversion and maintenance of GTP͞GDP ratios across the nuclear envelope (14) . Therefore, clustering of mitochondria around the nucleus along with the high activity of phosphotransfer enzymes could facilitate energy delivery to the nucleus and maintain local ATP͞ADP and GTP͞GDP ratios required for efficient nuclear transport.
Adenylate Kinase Phosphotransfer Facilitates Energetic Communica-
tion Between Mitochondria and the Nucleus. Creatine kinase and adenylate kinase are critical components of the intracellular phosphoryl transfer network responsible for cellular energetic economy and for facilitating signal communication between ATPgenerating and ATP-consuming and͞or -sensing processes (10, 18, 19, 29, 30) . Although both creatine kinase and adenylate kinase are present in cytosolic and nuclear compartments (10, 15, 31, 32) , whether these phosphotransfer reactions facilitate energy delivery to nuclear pores is unknown. Here, treatment of cardiomyocytes with iodoacetamide (IAA; 0.5 mM), which inhibits creatine kinasecatalyzed phosphotransfer (10), did not affect nuclear import of H1 (Fig. 4A) . In IAA-treated cells, the nuclear͞cytoplasmic ratio for H1 was 3.77 Ϯ 0.29 (n ϭ 11), which is not significantly different from untreated controls (Fig. 2B) . However, cytosolic microinjection of diadenosine pentaphosphate (Ap5A, pipette solution 0.5 mM), a potent inhibitor of adenylate kinase (33), abolished nuclear transport of H1 (Fig. 4B) . The nuclear͞cytoplasmic fluorescence ratio for H1 in Ap5A-treated cells was 0.65 Ϯ 0.0.03 (n ϭ 9), indicating deficient nuclear transport. Such microinjection could produce up to 15 M of intracellular Ap5A, sufficient to inhibit cytosolic and mitochondrial adenylate kinase isoforms (18, 19, 33) without reducing intracellular ATP, as deduced from the absence of increase in Magnesium Green fluorescence (data not shown). Ap5A did not affect passive diffusion of 10-kDa fluorescein-tagged dextrans (Fig. 4C, 10 kDa) and, accordingly, the nuclear͞ cytoplasmic ratio for 10 kDa was 1.98 Ϯ 0.11 (n ϭ 8), which is not different from untreated cells (2.11 Ϯ 0.08, n ϭ 10), thus ruling out a nonspecific effect of the adenylate kinase inhibitor on nuclear pores. In addition, microinjection of the Ap5A analog, diadenosine triphosphate (Ap3A, pipette solution 0.5 mM), that has no inhibitory effect on adenylate kinase, did not prevent nuclear import of H1 (Fig. 4D) . In Ap3A-treated cells, the nuclear͞cytoplasmic fluorescence ratio for H1 was 4.08 Ϯ 0.16 (n ϭ 12), which is not significantly different from untreated cells (Fig. 2B) . However, treatment of cardiomyocytes with elemental sulfur (10 M S 8 ), which, like Ap5A, does inhibit adenylate kinase (34), suppressed nuclear transport of H1 (Fig. 4E) , and the nuclear͞cytoplasmic fluorescence ratio for H1 dropped to 0.78 Ϯ 0.09 (n ϭ 9). In contrast, S 8 did not affect passive diffusion of 10-kDa dextrans, and the nuclear͞cytoplasmic ratio for 10 kDa was maintained at 2.18 Ϯ 0.12 (n ϭ 7; Fig. 4F ). Thus, nuclear transport of H1 is sensitive to structurally diverse agents that have in common the inhibition of adenylate kinase-catalyzed phosphotransfer. These results demonstrate that intact mitochondrial ATP production and simple diffusion-mediated exchange of nucleotides between the cytosol and nucleus are not sufficient for adequate energy support of nuclear processes. Rather, phosphotransfer relays, catalyzed by enzymes such as adenylate kinase, are the required mechanism for facilitated high-energy phosphoryl export from mitochondria, delivery to ATP-utilization sites, and maintenance of local nucleotide ratios across the nuclear envelope.
Suppressed Nuclear Transport Under Adenylate Kinase Deficit Rescued
Through Up-Regulated Creatine Kinase Phosphotransfer. Creatine kinase works in parallel with adenylate kinase to promote intracellular metabolic signal transduction (10, 16, 17, 22, 29) . As neonatal cardiomyocytes have low creatine kinase activity (Fig. 3D) and a low creatine phosphate content (Fig. 5A ), cells were grown for 48 h in media supplemented with 20 mM creatine, which crosses the cell membrane and induces creatine kinase phosphotransfer (10) . This procedure up-regulated creatine kinase activity (from 191 Ϯ 12 to 281 Ϯ 23 nmol͞min͞mg protein in control vs. creatine-treated cardiomyocytes, n ϭ 6) and increased intracellular creatine phosphate levels (from 9.5 Ϯ 1.4 to 33.0 Ϯ 1.7 nmol͞mg protein; Fig. 5A ) while maintaining ATP levels unchanged (23.2 Ϯ 0.3 and 24.8 Ϯ 0.8 nmol͞mg protein), thus generating an adult-like energetic phenotype. In such creatine-treated cardiomyocytes, microinjection of the adenylate kinase inhibitor Ap5A alone or concomitantly with the substrate for creatine kinase creatine phosphate (CrP; 0.5 M in pipette solution) failed to inhibit nuclear transport of H1 (Fig. 5B) . In fact, the nuclear͞cytoplasmic ratio for H1 was 4.30 Ϯ 0.14 (n ϭ 12), indicating maintained nuclear import. Hence, whereas acute inhibition of adenylate kinase-mediated phosphotransfer compromised active nuclear transport (Fig. 4 B and E) , nuclear import of H1 was rescued in cells with up-regulated creatine kinase phosphotransfer (Fig. 5) . Therefore, impaired energy delivery and communication between mitochondria and the nucleus because of deficiency of a single phosphotransfer pathway can be rescued by activation of alternate phosphotransfer reactions overcoming perinuclear diffusional restrictions.
Discussion
Intense nuclear functions, including regulation of DNA replication and gene transcription, critically depend on efficient transport of molecules across the nuclear envelope (1, 2) . Although active nuclear transport is a highly organized process sensitive to metabolic inhibition (2, 4, 14) , the principles governing the energetics of nucleocytoplasmic communication are poorly understood (5, 13, 15) . Here, we demonstrate that mitochondrial ATP production, rather than glycolysis, is required to support energy-consuming processes at the nuclear envelope. Mitochondrial clustering around the nucleus reduced the distance of energy transfer, yet oxidative phosphorylation and simple nucleotide diffusion were insufficient to meet the energy requirements for nucleocytoplasmic communication. By using nuclear translocation of histone H1 as a prototypic energy-dependent event at the nuclear pore, we identify that adenylate kinase phosphotransfer directed transmission of highenergy phosphoryls from mitochondria to the nucleus, maintaining optimal nucleotide ratios required for active nuclear transport. Adenylate kinase coupled with nucleoside diphosphate kinase secured phosphoryl transfer between ATP and GTP, as both nucleoside triphosphates are necessary for active nuclear transport. Inhibition of nuclear transport in neonatal cardiomyocytes by disruption of the adenylate kinase relay was rescued through up-regulation of the creatine kinase system, which is more active in adult cells, underscoring the fail-safe plasticity of the cellular energetic network. Thus, phosphotransfer reactions are essential in providing energy for nuclear processes that are spatially separated from mitochondrial sites of energy transduction.
A mechanistic basis for thermodynamically efficient coupling of cell energetics with nuclear pore function lies in the unique property of adenylate kinase catalysis (ATP ϩ AMP 7 2ADP) which transfers both ␤-and ␥-phosphoryls of ATP, doubling the energetic potential of ATP as an energy-carrying molecule (16) (17) (18) (19) 29) . Isoforms of adenylate kinase have been found in mitochondria, cytosol, and membranes (18, 19, 29, 31) and are apparently also present in the nucleus (32) creating an integrated phosphotransfer network. Phosphorelays composed of adenylate kinase isoforms facilitate high-energy phosphoryl delivery to sites of ATPutilization, and thus increase the energetic efficiency of a cell (16, 18, 29, 30 ). An intimate relationship of adenylate kinase with mitochondrial respiration, myofibrillar and membrane ATPases, as well as metabolic sensors such as ATP-sensitive K ϩ channels, have been demonstrated in diverse cell types, including cardiomyocytes, where such tight coupling secures efficient regulation of energy metabolism, membrane excitability, and cell contraction (16) (17) (18) (19) (20) 29) . Genetic deletion of adenylate kinase impedes ATP export from mitochondria, reduces the cellular energetic economy, and increases cell vulnerability to injury (30, 35, 36) . The present study reveals a previously uncharacterized property of adenylate kinase phosphotransfer in catalyzing energy support of nuclear transport. This property is expected to be particularly significant in cell-types with low or absent creatine kinase activity, as shown here in neonatal cardiomyocytes.
Assigning such a role to adenylate kinase implicates phosphotransfer enzymes in the regulation of information exchange between the cytosol and nucleus. Specifically, the mitochondrial AK2 isoform, present in the inter-membrane space, facilitates both production and export of ATP by mitochondria (16, 26) . In turn, the cytosolic AK1 isoform, through sequential phosphotransfers, is responsible for the transmission of ATP and the maintenance of the ATP͞ADP ratio at ATP-utilization sites (18, 19, 29) . Moreover, by providing ATP, adenylate kinase phosphotransfer would facilitate the nucleoside diphosphate kinase reaction (37, 38) , which is required for generation of the GTP͞GDP gradient across the nuclear membrane and regulation of GTP͞GDP exchange, which is essential in nuclear transport (5, 39) . In fact, the high activity of nucleoside diphosphate kinase, found here in cardiac cells, could provide effective phosphoryl exchange between ATP and GTP at the nuclear and mitochondrial compartment, where specific nucleoside diphosphate kinase isoforms are expressed (38) . Disruption of the phosphoryl transfer network by acute inhibition of adenylate kinase by using Ap5A, an inhibitor of adenylate kinase isoforms (33) , compromised active nuclear transport without significantly reducing cellular ATP levels. A structurally unrelated inhibitor of adenylate kinase, S 8 , but not the inactive analog of Ap5A, Ap3A, also arrested nuclear translocation of H1, suggesting that the action of Ap5A is ,indeed, caused by the inhibition of adenylate kinase. Defective nuclear transport in the presence of preserved ATP levels suggests that transport of macromolecules across the nuclear envelope does require maintained nucleotide ratios and a high free energy of ATP hydrolysis (22) . Concerted hydrolysis of ATP at the nuclear pore is believed to drive vectorial conformational changes facilitating nuclear transport, with 8-10 molecules of ATP required for a single translocation (40) (41) (42) . Moreover, the energy of ATP transformed into the chemical potential of the ran-GTP͞GDP gradient across the nuclear envelope would contribute to the driving force for import and export of macromolecules (2, 39) . Thus, adenylate kinase coupled with nucleoside diphosphate kinase assures proper adenine and guanine nucleotide ratios at the nuclear membrane, keeping the free energy of ATP hydrolysis above the threshold required for active nuclear transport.
Impaired nuclear import of H1 in neonatal cells with inhibited adenylate kinase was rescued by induction of the alternate phosphotransfer pathway catalyzed by creatine kinase, which is highly expressed in adult cells and regulates both adenine and guanine nucleotide ratios (10, 15) . Indeed, whereas adenylate kinase is highly active in neonatal cardiomyocytes, in the adult myocardium, phosphotransfer is primarily catalyzed through creatine kinase (18, 27, 43) . A remarkable plasticity of the phosphotransfer system has been recently recognized, where deficiency in an individual enzyme is compensated through remodeling of the cellular energetic network (16, 20, 27, 30, 36) . Such complementation among phosphotransfer systems and tight integration with mitochondrial energetics is used under different stages of development and͞or states of metabolic demand to provide adequate energy support for the fluctuating needs of cellular processes (10, 16, 26, 30, (43) (44) (45) . Variations of phosphotransfer enzyme activity in the cytosol and nucleus correlate with the intensity of nuclear processes in normal and diseased conditions, underscoring the significance of maintained phosphotransfer in directing cellular energy flow (14, 15, 28, 32, 43, 45) .
In summary, this study identifies the energy supply pathways that maintain efficient nucleocytoplasmic communication, a vital component in the regulation of cellular functions. We demonstrate that coupled mitochondrial oxidative phosphorylation with catalyzed phosphotransfer is the minimal energetic unit required to support nuclear transport. Disrupted phosphotransfer compromises macromolecular trafficking and, thereby, information exchange between the cytosol and nucleus. Thus, integration of the nuclear compartment with mitochondrial energetics to secure the energy demands of intense nuclear processes is accomplished through specialized enzymatic networks catalyzed by adenylate kinase and͞or creatine kinase, the significance of which depends on the developmental stage of the cell.
